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Abstract
HES1 NOTCH RESPONSE ELEMENTS AND THEIR ROLES IN RBPJ-K BINDING
by Michael Majid Khayat
The Notch signaling pathway is a one of few fundamentally conserved signal
transduction pathways critical for metazoan cellular development. Upon ligand
activation, the Notch intracellular domain (NICD) translocates to the nucleus and forms a
transcription complex with C-binding promoter factor-1 (RBPJ-k/CBF-1/Suppressor of
Hairless) and Mastermind-like protein (MAM). The DNA-binding factor, RBPJ-k, binds
to a response element containing a consensus sequence of RTGRGAR (where R is G or
A). When RBPJ-k interacts with the NICD and MAM, Notch target genes are activated.
The most well-characterized gene for Notch is Hes1. Hes1 contains four Notch response
elements (NREs), labeled NRE 1-4. Of the four, NRE 2 and NRE 4 form what has been
termed a sequence-paired site (SPS), identified as critical for transcription of Notchdependent genes. Not all NREs are formed into an SPS, and it is hypothesized that a
different transcriptional cofactor is recruited to the NREs versus the SPS to stabilize
protein-DNA complexes. Base pair mutations in the Hes1 promoter were tested for
binding to nuclear extract and purified RBPJ-k using an electrophoretic mobility shift
assay (EMSA). Results were insufficient to determine Notch complex binding; however,
the internal guanines were determined critical for RBPJ-k binding to NRE 2 and NRE 4.
Additionally, despite its context in Hes1, NRE 3 also showed binding to RBPJ-k. Taken
together, these results confirm that the NREs in the SPS are required for RBPJ-k structure
formation and raise questions about the roles of the other single NREs.
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Introduction
Notch Signaling Overview
Mammalian cellular development relies on a few well-conserved signaling pathways,
which are utilized to control cellular growth and differentiation. Amidst these, the Notch
signaling pathway is an important form of cell-cell communication and was first
discovered in Drosophila melanogaster when a related mutation produced phenotypically
abnormal or “notched” wings (Dexter, 1914). Nearly a century later, the pathway has
become more understood with regard to the underlying genetic code and proteins that are
involved within various model organisms. Disruption in this pleiotropic pathway, Notch,
has been linked to a wide variety of developmental disorders and many diseases,
including cancers such as T-cell acute lymphoblastic leukemia (Bray, 2006; Louvi &
Artavanis-Tsakonas, 2012; Aster, Pear, & Blacklow, 2017). Ultimately the
developmental outcome of Notch signaling is dependent on the context of the cell, and
the signaling pathway can be suppressed or activated, influencing the cell fate in a stemlike pattern (Kopan, 2012; Kopan & Ilagan 2009). Specifically, Notch plays essential
roles in epidermal development, as well as epithelial cell functions that include the
endocrine and exocrine pancreatic functions (Moriyama et al., 2008; Kodama, Hijikata,,
Kageyama, Shimotohno, & Chiba, 2004; Murtaugh, Stanger, Kwan, & Melton, 2003).
Notch is not limited to these functions and also plays roles in vascular angiogenesis,
neurological longevity, T-cell lineage commitment, and hematopoietic stem cell
expansion (Kume, 2012; Gaiano, & Fishell 2002; Laky, Evans, Perez-Diez, & Fowlkes,
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2015; Nobta et al., 2005). Overall, Notch plays a very general and pivotal role in
multicellular development.
As species complexity increases, so does the number of genes within the organism.
Mammals have evolved four Notch receptors in comparison to the one Notch receptor
that is found in Drosophila melanogaster. The pathway is highly conserved in
multicellular organisms, making it a powerful research tool for diagnosing and treating
human disease. Being able to fully understand the mechanisms of activation will allow us
to possibly halt the pathway in congenital diseases.
Notch and Cancer
Since the Notch pathway has a critical role in many biological processes, a
dysregulation in Notch typically results in disease and abnormalities in a number of tissue
types. When dysregulated, Notch can function either as a tumor suppressor or oncogene,
depending on the cell context (South, Cho, & Aster 2012). Dysregulation can have an
effect on a wide array of cellular functions, including the development of T-cells, and
endocrine and exocrine systems. Specifically, the Hes1 gene is essential for expansion of
T-cell precursors (Tomita et al., 1999); thus gene upregulation can favor leukemic cancer
stem cells. Additionally, Hes1 gene expression has been correlated with the expression of
stem cell markers and stemness-related genes in colon cancer cells (Gao et al., 2014;
Crosnier, Stamataki, & Lewis, 2006). Hes1 plays many roles in regulating cell
populations until proper differentiation signals are seen.
Overexpression of other genes affecting leukemia and colon cancers includes the
upregulation of c-Myc (Smith, Mynit, & Goh, 1993). The c-Myc gene is also affected by
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a gain-of-function mutation in Notch. c-Myc has been identified as an important target of
Notch in the growth of leukemic cells (Weng et al., 2006). Studies have also related
Notch and c-Myc to oncogenesis in breast cancer (Efstratiadis, Szabolcs, & Klinakis
2007). Due to its diverse functions, tight regulation of the Hes1 and c-Myc genes are
needed for tissue-specific cell management. Notch mutations have been linked to a
multitude of cancers and developmental disorders including but not limited to leukemia,
solid tumors, CADASIL, and Alzheimer’s disease (Louvi & Artavanis-Tsakonas, 2012;
Aster et al., 2017; Berezovska et al., 1999). As Notch has a multitude of target genes, any
dysregulation can lead to a number of detrimental effects during organism development.
Notch Processing
At a cellular level, Notch is a transmembrane protein that is used to communicate
with neighboring cells (Kopan, 2012). The receptors are membrane-bound transcription
factors that are activated upon interaction with transmembrane Notch ligands. The Notch
protein is translated in the endoplasmic reticulum (ER), where it is glycosylated by
enzymes O-fucosyltransferase (O-FUT1) and O-glucosyltransferase (RUMI), which are
collectively responsible for ER chaperone activity and the production of a fully functional
receptor (Kopan & Ilagan, 2009). The polypeptide receptor is then transported to the
Golgi body, where proteolytic cleavage by furin-like convertase PC5 at site 1 (S1) results
in the NECD-NICD (Notch extracellular domain-Notch intracellular domain), a
heterodimer (HD) covalently held together between the N- and C-terminal ends at the HD
domain. (Logeat et al., 1998; Blaumueller, Qi, Zagouras, & Artavanis-Tsakonas, 1997).
These post-translational modifications then target Notch to the cell surface, where it
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serves its role as a single-pass type I transmembrane protein that is activated by its ligand
(Kopan & Ilagan, 2009; Blaumueller et al., 1997).
When the extracellular side of the receptor comes into contact with ligands from the
Delta/Serrate/Lag-2 family, a conformational change allows for irreversible proteolytic
cleavage by gamma-secretase complexes (Dexter, 1914). This leads to the release of the
Notch intracellular domain which translocates to the nucleus, interacting with various
proteins that initiate transcription of promoter genes. This is discussed further in the
“Notch Function” section (Bray, 2006).
Notch ligands are also type I transmembrane proteins and were first identified in
Drosophila melanogaster (D’souza, Miyamoto, & Weinmaster, 2008; Micchelli,
Rufilson, & Blair, 1997). Notch is activated upon ligand specific cellular contact, where
the NECD domain interacts with transmembrane protein ligands expressed on adjacent
cells. The selectivity of this interaction is believed to be responsible for regulating Notch
signaling in mammalian development. The NECD contains 29-36 tandem epidermal
growth factor (EGF)-like repeats, which can mediate interactions with Notch ligands. The
EGF is followed by a unique negative regulatory region (NRR) that contains three
cysteine-rich Lin12-Notch repeats (LNR) and an HD domain (Kopan & Ilagan 2009;
Sanchez-Irizarry et al., 2004). The NRR is responsible for preventing receptor activation
in the absence of specific ligands, which would prematurely cleave the NECD-NICD
heterodimer (Sanchez-Irizarry et al., 2004).
Notch ligands are characterized by three relating structural family motifs: the
Delta/Serrate/LAG-2 (DSL) family expressed on the N-terminal of the ligand; a special
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set of tandem EGF repeats that comprise the Delta and OSM-11-like proteins (DOS)
family; and other EGF-like repeats, which can interact with calcium (Cordle et al., 2008;
Komatsu et al., 2008). Of the DSL ligands, the Jagged/Serrate ligands are classified based
on the presence of a cysteine-rich domain, which is not seen on the Delta ligands.
Concurrently the DOS ligands are classified based on the presence of the DOS domain,
and typically these two family of ligands are involved in receptor activation (Komatsu et
al., 2008), although additional noncanonical ligands that lack both of these domains have
also been reported (D’souza et al., 2008).
Mammalian Notch ligands include Delta-like 1, 3, and 4, as well as Jagged 1 and 2,
which are Serrate homologs. Within the Golgi body, there is a glycosyltransferase called
“Fringe.” Fringe appears to be essential for Notch signaling events through its
glycosylation of the Notch EGF-like repeats; it is thought this modification of the Notch
ligand binding domain can decipher which ligands can activate the receptor (Munro &
Freeman, 2000). In Drosophila, adding a single N-acetylglucosamine on EGF repeat 12
of Notch enhances Delta receptor binding, but reduces Serrate receptor binding.
Interestingly enough, even in the presence of Fringe, elimination of the fucosylation site
on EGF repeat 12 led to hyperactive response to Serrate/Jagged but did not change Delta
response (Xu et al., 2007; Lei, Xu, Panin, & Irvine 2003).
Upon ligand binding (Figure 1), the resulting force from ligand endocytosis is thought
to allow for a conformational change to expose site 2 (S2) in the Notch HD domain
(Kopan & Ilagan, 2009). The protease tumor necrosis factor-a converting enzyme
(TACE) from the ADAM (A Disintegrin and Metalloprotease) family then cleaves the
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Notch receptor at site S2 (Brou et al.,2000). The NICD is then dissociated from the
NECD, but as an intermediate form still bound to cellular membrane. The presenilindependent g-secratase complex then cleaves the transitional form of the NICD at site 3
(S3) to site 4 (S4), which ultimately releases the final NICD protein from the membrane
(Wolfe & Kopan, 2007; Schroeter, Kisslinger, & Kopan, 1998; De Strooper et al., 1999).
Cleavage can occur at the cellular surface or within endosomal compartments. Cleavage
from the membrane creates a more stable form of the NICD.
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Figure 1: An overview of Notch signaling. The Notch receptor is synthesized and
then undergoes essential O-fucosylation and O-glucosylation modifications.
Proteolytic cleavage at site S1 will then produce a mature heterodimer receptor that
will be targeted to the cell surface; Fringe modifications allow for the specificity of
ligand activation. Ligand and receptor availabilities are determined by membrane
trafficking and endocytosis. Ligand binding on adjacent cells is thought to cause a
conformational change that will allow for ADAM cleavage at site S2, following gsecretase cleavage at site S 3/4 at the cell surface or within the endosome. This
stable form of the NICD translocates to the nucleus and interacts with DNA-binding
protein CBF-1/Su(H)/Lag-1 (CSL). CSL may act as a co-repressor (Co-R) and
silence genes in the absences of the NICD, although this mechanism is still under
question. Transcriptional activator Mastermind (MAM) identifies this structure and
recruits additional co-activators (Co-A) to activate transcription. Adapted with
permission from Elsevier Ltd.: Cell (137), copyright 2009.
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Notch Activation
The Notch ternary complex is in an activated state when the NICD and MAM comes
into contact with RBPJ-k. Upon binding of the NICD, allosteric changes facilitate
displacement of co-repressor proteins. In vertebrates, the NICD binds to the DNAbinding protein RBPJ-k, which belongs to the CSL (CBF-1/Su(H)/Lag-1) protein family.
It then associates with the coactivator Mastermind-like protein (MAM), forming a ternary
complex (Petcherski, & Kimble, 2000; Wu et al., 2000). Within the NICD is a
Recombination Binding protein-associated module (RAM) domain, along with numerous
ankyrin repeats (ANK) domain responsible for protein-protein interactions. The NICD
also contains a proline, glutamate, serine, and threonine rich domain (PEST), which
regulates degradation. The NICD first interacts with high affinity to RBPJ-k through the
RAM domain. The ANK domain then associates with RBPJ-k to recruit MAM. This
ternary complex is required for transcription by inducing the upregulation of downstream
target genes (Farshbaf et al, 2015; Kovall, 2008). The binding sequence on target gene
promoter is denoted as Notch response element (NRE) in these studies. This ternary
complex is required to initiate transcription (Kopan & Ilagan, 2009; Kovall &
Hendrickson, 2004; Borggrefe, & Oswald, 2009; Kovall & Blacklow, 2010; Kovall,
Gebelein, Sprinzak, & Kopan 2017).
In absence of the NICD, RBPJ-k/CBF-1 can interact with co-repressor proteins to
silence target genes (Figure 2). It is believed through interaction with corepressor
complexes SMRT and histone deacetylase HDAC1, RBPJ-k silences target genes (Zhou
& Hayward 2001; Kao et al., 1998; Hsieh, Zhou, Chen, Young, & Hayward, 1999;
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Oswald et al., 2002). Although this is the prevailing model, recent studies have
challenged the mechanism of RBPJ-k acting as a co-repressor in the absence of the
NICD, as the DNA occupancy time is not as long as previously shown (VanderWielen,
Yuan, Friedmann, & Kovall, 2011; Collins, Yuan, & Kovall, 2014; Gomez-Lamarca et
al., 2018). This may suggest a need to reevaluate the role of RBPJ-k as co-repressor in
Notch activation.
MAM has been shown to have two different roles in Notch-dependent gene
regulation. When bound to the NICD and RBPJ-k, MAM has been shown to bind the
general transcription factors CREB binding protein (CBP) and p300, a histone
acetyltransferase critical for transcription initiation (Fryer, Lamar, Turbachova, Kintner,
& Jones, 2002). With MAM present, p300/CBP-associated factor (PCAF) interacts with
the NICD and acetylates chromatin exposing binding sites for other transcription factors
(Wallberg, Pedersen, Lendahl, & Roeder, 2002; Fryer et al., 2002; Kurooka & Honjo,
2000). Although MAM is responsible for the linked recruitment of these transcription
factors, only p300 seems to be strongly associated to MAM in the presence of the NICD.
Additionally, MAM then recruits Cyclin-dependent kinase 8 (CDK8), which has been
shown to phosphorylate the PEST domain of the NICD (Fryer, White, & Jones, 2004;
Popko-Scibor, Lindberg, Hansson, Holmlund, & Wallberg, 2011). This phosphorylation
is believed to subsequently recruit the ubiquitin ligase Fbw7, in order to poly-ubiquitinate
the NICD and terminate Notch signaling (Figure 2) (Farshbaf et al., 2015).
RBPJ-k contains an N-terminal domain (NTD), a b-trefoil domain (BTD) responsible
for interacting with DNA, as well as a C-terminal domain (CTD) that has no affinity for
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DNA. The NICD interacts with RBPJ-K through the BTD and CTD, which bind the
RAM domain and ANK repeats respectively, while the NTD interacts with C-terminal
helix of MAM (Kovall & Hendrickson, 2004). Although these models set a precedent,
new data have shown novel BTD-DNA interactions, and further investigation is required
(Friedmann & Kovall, 2010).
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Figure 2: Notch signaling in the nucleus. (A) A proposed model of RBPJ-k/CBF-1
interacting with co-repressor SMRT and HDAC1 keeping genes turned off,
although its functions remain questioned. (B) NICD translocation to the nucleus
causes recruitment of MAM, p300, CDK8, and other co-activators to start
transcription. CDK8 will phosphorylate the NICD in the PEST domain to signal
degradation. (C) It is thought this phosphorylation, depicted here with the squares,
recruits ubiquitin ligase Fbw7 to poly-ubiquinate the NICD terminating
transcription. Reprinted with permission from Public Library of Science: PLOS
One (10), copyright 2015.
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Consensus and Non-Consensus Binding Affinity of RBPJ-k
RBPJ-k has been shown to bind a number of sequences. One consensus binding
sequence that RBPJ-k recognizes with high affinity is RTGRGAR, where R is a purine
nucleotide. This sequence represents some binding sites, including CGTGGGAA, and
TGTGGGAA, where the underlined internal guanines are considered essential for RBPJk binding (Kovall & Hendrickson, 2004; Friedmann & Kovall, 2010). Other consensus
sequences that may not utilize these guanines have been identified in various organisms
(Tun, 1994). Previous CSL structures have shown that the BTD domain of RBPJ-k
recognizes the first two underlined base pairs in the binding site TGTGGGAA. It was
revealed that an absolutely conserved side chain of a glutamine and serine residue create
hydrogen bonds with the purines in the T/A and G/C DNA base pairs (Figure 3) (Kovall
& Hendrickson, 2004).
Not all binding sites relate to the consensus sequence and thus are termed nonconsensus sites. In one such binding site, CGTGTGAA, the purine in between the
internal guanines, is replaced with the underlined thymine. This T base pair in the fifth
position is not seen in one binding site and is rarely seen in others. Additionally,
conserved side chain reactions are seen, despite the underlined T to C base pair change
seen in the first position of the binding site, CGTGTGAA (Friedmann & Kovall, 2010).
Consensus and non-consensus binding sites are seen in various arrangements in different
promoter genes, and they have a specific orientation within the Hes1 promoter (discussed
in further detail in the “Hes1 Promoter and Sequence-Paired Sites” section). Moreover, it
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has been proven that the internal guanines of the NREs are required for RBPJ-k binding
(Figure 3).

Figure 3: CSL interactions with DNA. (A) Graphic representation of all the CSL
protein to consensus DNA base pair interactions. DNA bases shaded in gray
indicate specific interactions; bases shaded in white indicate nonspecific
interactions. Stronger bonds, such as hydrogen and salt bridges, are depicted with
the arrows. Other Van der Waals forces are depicted with closed circles. Adapted
with permission from European Mol. Biol. Org.: EMBO (23), copyright 2004.
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Recent research has shown that the BTD-DNA interaction of the conserved glutamine
and serine side chains are actually repositioned away from DNA. However, this still
creates sufficient hydrogen bonding interactions with the T/A and G/C base pairs. Novel
interactions with the minor groove of DNA have also been noted (Friedmann & Kovall,
2010). Although advances in the field are progressive, our understanding of the RBPJ-K
binding structure on DNA still remains limited.
The binding affinity of the CSL proteins to the target DNA sequence has been
examined by previous studies (Friedmann & Kovall, 2010; Hamaguchi, Matsunami,
Yamamoto, & Honjo, 1989). In some CSL-DNA complexes, the side chains of highly
conserved glutamine residues make contact with the guanine base in the major groove of
DNA. The preservation of this interaction provides some insight for the selectivity and
acceptance of the inner purine base pair (Kovall & Hendrickson, 2004). With this
structural model in mind, it is also important to note in the non-consensus binding site of
Hes1; there is a strong conservation of a thymine base pair change in place of the inner
purine base pair. The idea that this inner base pair change could affect CSL protein
binding led to a re-examination of recombination signal binding protein of J-Kappa
(RBPJ-k) affinity to Hes1 DNA.
When measured between 5°C and 15°C, the KD for binding of RBPJ-k to the
consensus and non-consensus sites varied from 150nM to 300nM, respectively
(Friedmann & Kovall, 2010). This is a 100-fold weaker affinity for DNA than what was
reported before, which was 1nM (Hamaguchi et al., 1989). This moderate affinity of
RBPJ-k for DNA may imply that not all RBPJ-k binding sites are occupied at all times. It
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is likely that the coregulator complexes are exchanging in the nucleus, emphasizing a
more cooperative mechanism of RBPJ-k recruitment to DNA sites than was previously
determined. It was also discovered that mutating the inner thymine, discussed in the nonconsensus site above, to a cytosine caused a reduction of binding, which increased the KD
to about 1,000nM (Friedmann & Kovall, 2010). This suggests that this inner base pair
can influence the specificity and affinity of RBPJ-k to DNA, although the molecular
mechanism is still in question.
Previous studies suggest that RBPJ-k has a long occupancy on DNA, repressing the
target gene in the absence of the NICD. It is thought that by interacting with co-repressor
complexes, RBPJ-k silences target genes (Olave, Reinberg, & Vales, 1998). This model
supports the idea that the NICD competes for binding to RBPJ-k with high affinity,
utilizing the RAM domain and displacing the co-repressor complexes. Recent evidence
has questioned this model, as the affinity for the NICD to RBPJ-k is similar to that of the
corepressors, having a disassociation constant (KD) of around 12-15nM at 25°C
(VanderWielen et al., 2011; Collins et al., 2014). New evidence also supports the idea
that when the gene is silenced, RBPJ-k only transiently binds to DNA. When the gene is
turned on, RBPJ-k recruitment drastically increases, as complexes reside longer on the
target gene. Surprisingly, recruitment of RBPJ-k co-repressors also increased, suggesting
that Notch may allow an assisted loading on target genes by providing chromatin
accessibility (Gomez-Lamarca et al., 2018). RBPJ-k is critical for the structural formation
of the activation complex, mediating the protein-protein interactions of the transcription
factor (Wilson & Kovall, 2006; Nam, Sliz, Pear, Aster, & Blacklow 2007).
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Hes1 Promoter and Sequence-Paired Sites
Of the Notch targets, the best-characterized mammalian gene is the Hes1 (Hairy
enhancer of split/1) which is a homolog of Drosophila Hairy and Enhancer of Split
(Feder, Li, Jan, & Jan, 1994; Sasai, Kageyama, Tagawa, Shigemoto, & Nakanishi, 1992).
The Hes1 gene encodes for the HES1 protein, which is a nuclear protein that is a
transcriptional repressor in mammals (Sasai et al., 1992). The HES1 protein belongs to
the basic helix-loop-helix (bHLH) family of transcription factors, but binds to N boxes
promoter regions of target genes instead of the canonical E boxes binding seen by the
bHLH protein family (Blackwell, & Weintraub, 1990). HES1 binds directly to DNA and
recruits repressors in Drosophila and mammals such as Groucho and Grg, respectively
(Sasai et al., 1992), and has been associated with repressing differentiation of stem cells
and progenitor cells in neural and digestive tissue types (Kageyama, Ohtsuka, &
Kobayashi 2008, Kageyama, Ohtsuka, & Tomita, 2000).
The Hes1 gene has 98% homology when comparing human and murine Hes1 genes
(Takebayashi et al., 1994). The transcription starting site (TSS) is upstream from the first
coding region (Wu et al., 2000). Additionally, Hes1 contains four regulatory Notch
response elements (NREs) upstream from the TSS. NREs on the forward DNA promoter
strand are denoted as head sites; those on the reverse promoter strand are denoted as tail
sites. Located farthest upstream is NRE 1, which is a tail site. It is followed by NRE 2
and NRE 3, both of which are head sites. Farthest downstream is NRE 4, orientated
similar to NRE1 as a tail site.
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A homolog of the Hes1 gene that has been carefully studied is the Enhancer of Split
E(spl) gene in Drosophila. Within E(spl), two of the NREs are oriented in a specific
evolutionarily conserved pattern of inverted repeats noted as a sequence-paired site (SPS)
(Nellesen, Lai, & Posakony, 1999). Mutations in either of these NREs led to a less active
E(spl) promoter in Drosophila (Cave, Loh, Surpris, Xia, & Caudy, 2005). Through these
mutations it was identified that there is a specific sequence required for the activation of
Notch promoter genes and ultimately Notch complex protein formation.
On Hes1, the SPS is configured on NRE 2 and NRE 4, which relate to the consensus
and non-consensus binding sites, respectively (Figure 4), and is separated by about 1617bp (Feder et al., 1994). The SPS allows Notch dimer formation and is an essential
element of transcription initiation on Hes1 (Nam et al., 2007; Ong et al., 2006). NRE 2 is
a head site, pointing to the right on the forward promoter strand; NRE 4 is a tail site,
pointing to the left on the reverse promoter strand (Figure 4; arrows). Both the sequences
“flank” each other in a specific head-to-tail orientation pattern that is important for
promoter function (Ramos, 2013). It has been shown that the Notch ternary complex
binds to the promoter in order to initiate mammalian transcription (Fryer et al., 2004; Ong
et al., 2006). The SPS is required for promoter functionality, and research has shown that
Notch dimer complexes are produced on these NREs (Cave et al., 2005, Nam et al.,
2007); however our understanding of the specificity of structures recruited on different
sequences is limited.
Studies have supported the idea that disrupting the SPS either through mutation,
orientation, or spacing leads to less promoter activity (Ong et al., 2006). Likewise,
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creating a head-to-tail site through the other NREs did not increase activity (Ramos,
2013). Within the SPS, the binding sequences of NRE 2 and NRE 4 are TGTGGGAA
and CGTGTGAA, respectively, where the internal guanines are underlined. When
mutating the internal guanines in NRE 2 or NRE 4, the functionality of the promoter gene
is decreased, suggesting the sequence and orientation of the NREs within the SPS are
critical to function. This represents the consensus and non-consensus binding sites of
RBPJ-K discussed earlier, where the internal guanines are required for binding (Kovall &
Hendrickson, 2004). Further examination of the NREs sequences required for RBPJ-k
binding will be presented in these studies.
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Figure 4: Hes1 SPS and the crystal structure of RBPJ-K. (A) The nucleotide
sequence and graphic representation of SPS orientation in the mammalian Hes1
gene is shown. The DNA duplexes that correspond to the consensus and nonconsensus sequences, read from left to right on the top strand. CSL binding sites
are depicted as bold, and the T/A base pair deviation in the non-consensus strand is
depicted as red. (B) The crystal structure of mouse CSL binding to the consensus
sequence of DNA is represented here. The NTD, BTD, and CTD are depicted as
cyan, green, and orange, respectively. Reprinted with permission from The Protein
Society: Protein Sci. (19), copyright 2010.
Notch Dimerization
The SPS creates a response element architecture for the binding of two transcription
factors. Studies have hypothesized that the head-to-tail orientation discussed earlier of
NRE 2 and NRE 4 allow for structural formation of a Notch dimer, which cooperatively
dimerizes on the Hes1 SPS promoter and induces transcription (Feder et al., 1994). These
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studies also confirmed the crystal structure of the dimerized Notch complexes on the
Hes1 promoter, forming salt bridges through the R1985A residue on the ANK domains of
the NICD, conserved through a number of organisms (Figure 5) (light- and dark-blue
ribbons). Transfection of a NICD construct that contains a mutated R1985A residue
abolished promoter activity and dimerization (Feder et al., 1994). From these studies, it is
concluded that proper structure cannot be achieved when NRE 2 or NRE 4 of the SPS
orientation is disrupted, falling hand-in-hand with the decreased promoter functionality
studies (Ramos, 2013; Cave et al., 2005).
Past studies have raised questions about the SPS and its importance in the NotchMAM-CSL transcription activation complex on the Hes1 promoter. The high level of
promoter activity through the SPS and Notch ternary complex dimer may suggest that
another mediator may be drawn by MAM to stabilize the transcription complex on the
promoter. NRE 2 and NRE 4 have been noted as critical to the SPS structure and
functionality. Furthermore, it has not been determined whether any of the other NREs in
the Hes1 gene are responsible for gene functionality or binding RBPJ-k; preliminary data
suggest that some basal functionality can be seen when mutating the SPS (Ramos, 2013).
Additionally, in Drosophila, Su(H) has been discovered to have a supplementary
phosphorylation site on the Serine 269 residue. This residue is highly conserved and may
influence interactions with the NICD or DNA (Nagel et al., 2017). Further examination in
relation to RBPJ-k binding on the NRE sites within the SPS on Hes1 must be conducted;
the conserved gene pathway can be a powerful tool for biomedical research once it
becomes better understood.
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Figure 5: Crystal structure of the Notch Dimer complex on Hes1 SPS. The Notch
complex dimers assembled on the Hes1 SPS. CSL bound to NREs 2 and 4 is
depicted with light- and dark-green ribbons; red and pink ribbons depict the Nterminal of MAM; and the ANK domain of the NICD is denoted with light- and
dark-blue ribbons. Adapted with permission from Macmillan Publishers Ltd.: Nat.
Struct. Mol. Biol. (17), copyright 2010.
This study aims to investigate the Notch pathway in Hes1 and to compare the SPS
versus single NREs in terms of protein-DNA binding structure. Results here indicate
which NREs in Hes1 are critical for RBPJ-k binding, and attempt to address the question
of Notch ternary complex recruitment differences on a single NRE and SPS. RBPJ-k will
be further investigated, as this DNA-binding protein allows facilitation of the Notch
dimer complex and may be a key target in future treatments. Understanding which NREs
in Hes1 are required for structure and function formation may allow us to develop
therapies that can elucidate an effect on the essential signaling pathway in the near future.
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Experimental Procedures
SupT1 Nuclear Extract Creation
SupT1 cells were obtained from ATCC (Manassas, VA) and grown in culture for two
weeks. HyClone RPMI-1640 medium (25mM HEPES, L-Glutamine) supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin was used, and cells were
grown at 37°C with 5% CO2. HyClone RPMI-1640 medium was purchased from Fisher
Scientific (Pittsburgh, PA).
Cells were grown to a final concentration of 1.32 x 106 cells/ml in 4.8 liters. Cells
were harvested at 3000 RPM for 15 minutes, and then placed into a hypotonic buffer
(10mM Tris-HCl pH 7.9, 10mM NaCl, 1.5mM MgCl2, 2mM DTT, 0.2mM PMSF, 1X
protease inhibitor), and Dounce homogenized 30 strokes using a Wheaton B loose pestle.
Cell debris were then pelleted, and the homogenate was obtained in hypertonic nuclear
extract buffer (NEB 20mM Tris-HCl pH 7.9, 420mM NaCl, 1.5mM MgCl2, 0.2mM
EDTA, 25% glycerol, 2mM DTT, 0.2mM PMSF, 1X protease inhibitor) and Dounce
homogenized 20 strokes using a Wheaton A tight pestle. Homogenate was then poured
into a beaker with a stir bar to remove viscous DNA clot and spun down at 20,000 RPM
for 35 minutes. Supernatant was then removed, and SupT1 cell nuclear extract (SupT1
NE) was dialyzed overnight to remove salt impurities in dialysis buffer (20mM Tris-HCl
pH 7.9, 50mM KCl, 1.5mM MgCl2, 0.2mM EDTA, 10% glycerol, 1mM DTT, 0.2mM
PMSF). SupT1 NE was then quantified via BCA assay for a concentration of 3.3µg/µl,
frozen down in liquid nitrogen, and stored at -80°C.
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Purified RBPJ-k protein was provided courtesy of Rhett Kovall at the University of
Cincinnati, at a concentration of 12µM (670 ng/µl) in buffer (20mM HEPES pH 7.9,
100mM KCl, 10% glycerol, 0.2mM EDTA, 1mM DTT, 0.2mM PMSF). It was then
frozen in liquid nitrogen as 25µL aliquots stored at -80°C.
Western Blot of SupT1 Nuclear Extract and Purified RBPJ-k
10% SDS-PAGE gels were run at 200V for approximately 90 minutes to resolve
proteins. Transfers were done at 30mAmps overnight at 4°C, and PVDF membrane was
blocked in TBS-T/5% (250µl 100% Tween per 500ml TBS) dried milk for 1 hour.
Western blots were conducted to identify RBPJ-k using rabbit anti-RBPSUH antibody
purchased from Cell Signaling Technology (Danvers, MA). Primary antibody was
incubated 1:1000 overnight at 4°C in TBS-T/5%; secondary antibody mouse anti-rabbit
HRP conjugate was incubated 1:5000 for an hour at room temperature in TBS-T. HRP
substrate was added for one minute, and membrane was imaged via ImageQuant
LAS4000 CCD (General Electric) with a chemiluminescence lens exposure for 60
seconds.
Generation of Purified Hes1 Double-Stranded DNA (dsDNA)
Complementary oligonucleotides were purchased from Eurofins Genomics
(Louisville, KY). The forward DNA sequences of each oligo used in these studies are
listed in Table 1. The reverse sequence is not shown but it is the complement.
Oligonucleotides were re-suspended in MilliQ water for a stock concentration of 184µM
(3µg/µl). 5µl of each complementary oligonucleotide in MilliQ water was mixed and
annealed under the thermal cycler conditions listed in Table 2. Then, 1.7µl (300pmol,
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5µg) of the annealed DNA mixture was digested with 50 units of S1 Nuclease from
Promega Corp. (Madison, WI) in reaction buffer (50mM sodium acetate, 0.6M NaCl,
4.5mM ZnSO4) for 30 minutes at room temperature to remove any remaining singlestranded DNA (ssDNA). Digest reaction was stopped with 10µl of 0.5M EDTA at 70°C
for 10 minutes. The digest was then purified using a PureLink PCR Purification Combo
Kit by Invitrogen (Vilnius, LT). The resulting sample, referred to as purified dsDNA, was
quantified via NanoDrop to determine the amount of Hes1 dsDNA. Percentage yield after
S1 nuclease digestion of ssDNA was about 20-50% (60pmol-150pmol,1µg-2.5µg)
dsDNA.
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Table 1
Wild-Type and Mutant Promoter Sequences

Hes1 WT
WT(2-4)
M2
M4
M2/4
MutAB
Mtall
Mtall2
NRE2
NRE2m
NRE3
NRE3m
NRE4
NRE4m
SPS
SPSm

Primer Sequence (5’ – 3’)
(NRE1)
(NRE2)
(NRE3)
(NRE4)
ACTGTCGACTCCTCCCATTGGCTGAAAGTTACTGTGGGAAAGAAAGTTTGGGAAGTTTCACACGAGGATCCAGT
ACTGTCGACCTGTGGGAAAGAAAGTTTGGGAAGTTTCACACGAGGATCCAGT
ACTGTCGACCTGTCGCAAAGAAAGTTTGGGAAGTTTCACACGAGGATCCAGT
ACTGTCGACCTGTGGGAAAGAAAGTTTGGGAAGTTTGAGACGAGGATCCAGT
ACTGTCGACCTGTCGCAAAGAAAGTTTGGGAAGTTTGAGACGAGGATCCAGT
GGTTACTGACGCTAAGAAAGTTTGGGAAGTTAGAGTCGAGCCGTTCC
ACTGTCGACCTTACGCTAAGAAAGTTTAGAAAGTTATATTCGAGGATCCAGT
GACATTAAGCTAAGAAAGTTTAGAAAGTTATATTCGATCA
CGGCCTGTGGGAAACTTCC
GGCCTGTCGCAAACTTCC
CGGCCTTGGGAACTTCC
CGGCCTTCGCAACTTCC
CGGCCTTTCACACACTTCC
CGGCCTTTGAGACACTTCC
CGGCCTGTGGGAAAGAAAGTTATACAAGTTTCACACACTTCC
CGGCCTGTCGCAAAGAAAGTTATACAAGTTTCACACACTTCC

(other primers)
NFKB
GATA

AGTTGAGGGGACTTTCCCAGGC

GCAGTTAACTGATAATGACACTGTG
Notes: NRE binding sites are denoted in blue.
Underline = mutation from Wild Type (WT)
Restriction digest DNA ends = 5’- ACTGTCGAC, GATCCAGT -3’
Nam et al., (2007) DNA ends = 5’- GGTTA, CCGTTCC -3’
Friedmann & Kovall, (2010) DNA ends = 5’- CGGCC, ACTTCC -3’
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Hes1 Forward
Primer

Table 2
Thermal Cycler Conditions for Generation of Hes1 dsDNA
Segment

Cycles

Temperature (°C)

Time

1

1

95

5 min

2

1

85

30 sec

3

1

75

30 sec

4

1

65

30 sec

5

1

55

30 sec

6

1

45

30 sec

7

1

4

2 min

Electrophoretic Mobility Shift Assay (EMSA)
EMSAs were performed with polyacrylamide gel electrophoresis (PAGE), prepared
with 37.5:1 ratio of acrylamide to bis-acrylamide as shown in Table 3, with 0.5X TBE
(0.045M tris base, 0.045M boric acid, 0.001M EDTA) running buffer. The DNA-protein
binding reaction final volume was 20µl. The final concentrations of dsDNA, SupT1 NE,
and purified RBPJ-k were as follows: 400nM (8-35pmol, 140ng-600ng) dsDNA; 1030µg of SupT1 NE; and 600nM (672ng) RBPJ-k in 1X gel shift buffer (GSB 20mM TrisHCl pH 7.9, 50mM KCl, 5mM MgCl2, 10% glycerol, 5mM DTT, 0.06mg/ml BSA) +/0.1-2µg LightShift Poly(dI-dC) from Thermo Scientific (Lithuania). Tubes were kept on
ice for 20 minutes. A 20µl sample was loaded in the PAGE gel matrix along with 140ng
Ultra Low Range DNA Ladder from Invitrogen (Vilnius, LT), run at 180V for 75
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minutes. Gels were stained in 0.5X TBE, supplemented with 1X SYBR Gold nucleic acid
gel stain from Invitrogen (Eugene, OR) for 25 minutes, and immediately visualized via
ImageQuant LAS4000 CCD (General Electric) with a blue-light lens exposure for ½ - 3
seconds.
Table 3
Preparation of 10ml Polyacrylamide Gel Mixture for One 8×8 cm Gel
PAGE %

6%

10%

40% Acrylamide
(37.5:1; C = 2.7)

1.5ml

2.5ml

10X TBE (0.5X final)

0.5ml

0.5ml

Nanopure H20

8ml

7ml

10% APS

100µl

100µl

TEMED

10µl

10µl
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Results
Identification of RBPJ-k
Below is a western blot of the SupT1 cell nuclear extract (SupT1 NE) and purified
murine RBPJ-k (Figure 6). RBPSUH antibody is specific for human, mouse, rat, and
monkey CSL protein. Results indicate that SupT1 NE and purified murine protein
contains CSL protein RBPJ-k. SupT1 NE contains the native-size protein and appears
around expected molecular weight of 61kDa (Xu et al., 2017). Lower molecular weight
of purified RBPJ-k is attributed to the recombinant protein size.

-250kDa
-150kDa
-100kDa
-75kDa
-50kDa
-37kDa
1

2

3

4

Figure 6: Western blot of SupT1 NE and purified RBPJ-k.
10% SDS-PAGE with a primary antibody against RBPJ-k. Lanes 1 and 2 contain
60µg and 100µg of SupT1 NE respectively. Lanes 3 and 4 contain 134ng and 67ng
of purified RBPJ-k, respectively. The protein ladder is not shown, but is depicted
by the indicated labels.
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Hes1 SPS Interactions with SupT1 NE
In order to visualize the Notch complex binding Hes1 dsDNA, an electrophoretic
mobility shift assay of unpurified Hes1 WT dsDNA incubated with SupT1 NE was
conducted (Figure 7). The dsDNA was not digested to remove ssDNA. PolydI-dC was
not used. Although SupT1 NE is interacting with free probe DNA, no clear shift bands
are produced to visually specify Notch complex.
SupT1 NE

-

+

dsDNA-

-free probe

ssDNA1

2

WT(2-4) - ACTGTCGACCTGTGGGAAAGAAAGTTTGGGAAGTTTCACACGAGGATCCAGT

Figure 7: EMSA of SupT1 NE with Hes1 WT dsDNA.
10% PAGE EMSA of SupT1 NE binding to unpurified 600ng Hes1 WT (2-4)
dsDNA. Lane 1 contains free probe WT dsDNA, and Lane 2 contains WT dsDNA
incubated with 30µg of SupT1 NE. DNA sequence is shown below the figure.
S1 Nuclease Digest of Unpurified Hes1 dsDNA
To remove the ssDNA left over from the annealing process, an S1 digest was
performed on the unpurified Hes1 WT dsDNA (Figure 8). After the S1 digest and
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subsequent purification, the ssDNA from Lane 1 is removed from the purified dsDNA in
Lane 2. The dsDNA migrates near the expected molecular weight of 50bp.

-300bp

-75bp
dsDNA -

-50bp

ssDNA -20bp
1

2

3

WT(2-4) - ACTGTCGACCTGTGGGAAAGAAAGTTTGGGAAGTTTCACACGAGGATCCAGT

Figure 8: EMSA of unpurified and purified Hes1 WT dsDNA.
10% PAGE EMSA that compares 140ng of unpurified and purified Hes1 WT (2-4)
dsDNA. Lane 1 contains unpurified dsDNA, and Lane 2 contains purified dsDNA.
Lane 3 contains 140ng of dsDNA ladder depicted by the indicated labels. DNA
sequence is shown below the figure.
Purified Hes1 SPS and Mutant Interactions with SupT1 NE
Upon digestion of ssDNA, the newly purified dsDNA was again incubated with
SupT1 NE to determine whether clear shift bands can now be visualized (Figure 9). As
expected, the WT dsDNAs migrate at 50-75bp, and the mutants migrate around 50bp.
SupT1 NE is again shifting most the free probe WT dsDNA, and no clear shift bands can
be visualized. Surprisingly, SupT1 NE is also shifting the SPS mutants.
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SupT1 NE

-

-

-

-

+

+

+

+

-300bp
-75bp
-50bp

free probe -

-35bp
1

2

3

4

5

6

7

8

9

WT(2-4) –
ACTGTCGACCTGTGGGAAAGAAAGTTTGGGAAGTTTCACACGAGGATCCAGT
Hes1 WT – ACTGTCGACTCCTCCCATTGGCTGAAAGTTACTGTGGGAAAGAAAGTTTGGGAAGTTTCACACGAGGATCCAGT
M2 –
ACTGTCGACCTGTCGCAAAGAAAGTTTGGGAAGTTTCACACGAGGATCCAGT
M4 –
ACTGTCGACCTGTGGGAAAGAAAGTTTGGGAAGTTTGAGACGAGGATCCAGT

Figure 9: EMSA of SupT1 NE with purified Hes1 WT and mutant dsDNA.
10% PAGE EMSA of SupT1 NE binding to 140ng purified Hes1 WT and mutant
dsDNA. Lanes 1, 2, 3, and 4 contain free probe WT (2-4), Hes1 WT, M2 and M4
dsDNA, respectively. Lanes 5, 6, 7, and 8 contain WT (2-4), Hes1 WT, M2, and
M4 dsDNA, respectively, incubated with 2.3µg of SupT1 NE. Lane 9 contains
140ng of dsDNA ladder depicted by the indicated labels. DNA sequences are
shown below the figure.
EMSA Optimization with PolydI-dC, Gel %, and Cross-Linking
To optimize with a non-specific competitor, polydI-dC was added to these EMSAs
(Figure 10). Lower-percentage acrylamide gels were also tested, along with a higher
cross-linking ratio to allow for increased pore sizes. Purified Hes1 WT dsDNA is again
incubated with SupT1 NE; however, in the presence of non-specific competitor polydIdC. The WT dsDNA migrates around 50bp, as expected.
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polydI-dC

-

-

+

+

-

-

+

+

SupT1 NE

-

+

+

-

-

+

+

-

-300bp

-300bp

-50bp

free probe -

-50bp
1

2

3

4

5

1

2

3

4

5

WT(2-4) - ACTGTCGACCTGTGGGAAAGAAAGTTTGGGAAGTTTCACACGAGGATCCAGT

Figure 10: EMSA of SupT1 NE and Hes1 WT dsDNA with polydI-dC.
10% (left) and 4% (right) PAGE EMSA (61.5:1) of SupT1 NE binding to 140ng
purified Hes1 WT (2-4) dsDNA. Lane 1 contains free probe WT dsDNA. Lanes 2
and 3 contain WT dsDNA, respectively, incubated with 10µg of SupT1 NE, with
and without 2µg of polydI-dC. Lane 4 contains WT dsDNA and 2µg of polydI-dC
(smearing) for background measure and has been adjusted for intensity. Lane 5
contains 140ng of dsDNA ladder depicted by the indicated labels. DNA sequence
is shown below the figure.
PolydI-dC was added to Lanes 3 and 4. In Lane 2, SupT1 NE is interacting with free
probe dsDNA. When adding polydI-dC in Lane 3, there is an increased amount of free
probe DNA, which may suggest some non-specific binding. The gel on the right is a
lower % acrylamide, and both gels have increased pore sizes. However, even under these
conditions with the reduction of non-specific binding, clear shift bands still cannot be
visualized.
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NFKB and GATA Interactions with SupT1 NE
To test the SupT1 NE for control transcription factors that can be identified with clear
shift bands, the following EMSA was conducted to visualize unpurified NFKB and
GATA dsDNA incubated with SupT1 NE (Figure 11). NFKB and GATA dsDNA were
not digested to remove ssDNA, and polydI-dC was not used. SupT1 NE is interacting
with free probe dsDNA in both instances. Clear shift bands are produced that visualize
NFKB and GATA complexes bound to dsDNA.

SupT1 NE

-

+

-

+

NFKB + dsDNA

GATA + dsDNA

free probe 1

2

3

4

NFKB -AGTTGAGGGGACTTTCCCAGGC
GATA - GCAGTTAACTGATAATGACACTGTG

Figure 11: EMSA of SupT1 NE and NFKB/GATA dsDNA.
10% PAGE EMSA of SupT1 NE binding to 600ng unpurified NFKB dsDNA.
Lanes 1 and 3 contain free unbound NFKB and GATA dsDNA respectively. Lanes
2 and 4 contain NFKB and GATA dsDNA, respectively, incubated with 30µg of
SupT1 NE. The protein-DNA complexes are depicted by the arrows. DNA
sequences are shown below the figure.
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Hes1 SPS ssDNA Interactions with RBPJ-k
The following EMSAs examine the binding effects of RBPJ-k on the Hes1 SPS with
ssDNA and dsDNA (Figure 12). In this EMSA, purified murine RBPJ-k protein is
incubated with unpurified WT ssDNA and dsDNA. PolydI-dC was not used.

RBPJ-k

-

-

-

+

+

+
RBPJ-k + dsDNA
RBPJ-k + ssDNA

dsDNA ssDNA -

1

2

3

4

5

6

WT(2-4) - ACTGTCGACCTGTGGGAAAGAAAGTTTGGGAAGTTTCACACGAGGATCCAGT

Figure 12: EMSA of RBPJ-k with Hes1 WT ssDNA and dsDNA.
10% EMSA of purified RBPJ-k binding to 400nM unpurified Hes1 WT (2-4)
dsDNA and ssDNA. Lanes 1, 2, and 3 contain free probe WT dsDNA, ssDNA
forward primer, and ssDNA reverse primer, respectively. Lanes 4, 5, and 6 contain
WT dsDNA, ssDNA forward primer, and ssDNA reverse primer, respectively,
incubated with 600nM RBPJ-k. Lane 6 contains 140ng dsDNA ladder depicted by
the indicated labels. The protein-DNA complexes are depicted by the arrows. DNA
sequence is shown below the figure.
The purified RBPJ-k protein is interacting with both the dsDNA and ssDNA. Clear
shift bands are produced that appear to relate to three RBPJ-k complexes bound to WT
dsDNA in Lane 5. RBPJ-k is also interacting with the WT ssDNA, producing one shift
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band when bound to the ssDNA. It is suspected the three shift bands that are produced by
RBPJ-k binding to the unpurified WT dsDNA are a result of RBPJ-k interacting with
leftover ssDNA.
Purified Hes1 SPS Interactions with RBPJ-k
To investigate the three shift bands formed when RBPJ-k is incubated with unpurified
WT dsDNA, the dsDNA was digested to remove any remaining ssDNA (Figure 13). In
this EMSA, purified murine RBPJ-k protein is incubated with purified WT Hes1 dsDNA.
PolydI-dC was not used.
RBPJ-k

-

+

-

+
RBPJ-k + dsDNA

RBPJ-k + ssDNA

dsDNA -

ssDNA 1

2

3

4

WT(2-4) - ACTGTCGACCTGTGGGAAAGAAAGTTTGGGAAGTTTCACACGAGGATCCAGT

Figure 13: EMSA of RBPJ-k with Hes1 WT ssDNA and dsDNA.
10% EMSA of purified RBPJ-k binding to 400nM unpurified and purified Hes1
WT (2-4) dsDNA. Lanes 1 and 2 contain unpurified and purified free probe WT
dsDNA, respectively. Lanes 3 and 4 contain unpurified and purified WT dsDNA,
respectively, incubated with 600nM RBPJ-k. The protein-DNA complexes are
depicted by the arrows. DNA sequence is shown below the figure.
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One of the shift bands produced by RBPJ-k binding to the unpurified WT dsDNA in
Lane 2 is removed upon digestion of the ssDNA, with RBPJ-k binding to the purified WT
dsDNA in Lane 4. Clear shift bands are produced that visualize two RBPJ-k complexes
bound to the purified WT dsDNA.
Hes1 SPS and Mutant Interactions with RBPJ-k
After removal of ssDNA, the following EMSA was conducted to examine the binding
effects of RBPJ-k on the Hes1 SPS (Figure 14). In order to asses which NRE site mutants
affect RBPJ-k binding, purified RBPJ-k is incubated with single site mutants M2 and M4.
To test binding of other sites, WT dsDNA was also tested with all the NRE sites (1-4).
PolydI-dC was not used. The WT (NRE 2-4) and mutants M2 and M4 migrate around the
expected molecular weight of 50bp. The WT (NRE 1-4) also migrates around the
expected molecular weight of 75bp. The purified RBPJ-k protein is interacting with both
the WT dsDNA variants. Clear shift bands are produced that visualize two RBPJ-k
complexes bound to both WT dsDNAs. RBPJ-k is also interacting with mutants M2 and
M4 dsDNA. The upper protein-DNA shift band is seen with the WT dsDNA and the
mutants. Mutants in Lanes 4 and 6 show similar binding structures to those in the WT
Lanes 2 and 8, and thus are not sufficient to make a visual comparison of binding
differences.
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ACTGTCGACCTGTGGGAAAGAAAGTTTGGGAAGTTTCACACGAGGATCCAGT
M2 –
ACTGTCGACCTGTCGCAAAGAAAGTTTGGGAAGTTTCACACGAGGATCCAGT
M4 –
ACTGTCGACCTGTGGGAAAGAAAGTTTGGGAAGTTTGAGACGAGGATCCAGT
Hes1 WT – ACTGTCGACTCCTCCCATTGGCTGAAAGTTACTGTGGGAAAGAAAGTTTGGGAAGTTTCACACGAGGATCCAGT

Figure 14: EMSA of RBPJ-k with Hes1 WT and mutant WT dsDNA.
10% EMSA of purified RBPJ-k binding to 400nM purified Hes1 WT and mutant
dsDNA. Lanes 1, 3, 5, and 7 contain free probe WT (2-4), M2, M4, and Hes1 WT
dsDNA, respectively. Lanes 2, 4, 6, and 8 contain WT (2-4), M2, M4, and Hes1
WT dsDNA, respectively, incubated with 600nM RBPJ-k. Lane 9 contains 140ng
dsDNA ladder depicted by the indicated labels. The protein-DNA complexes are
depicted by the arrows. DNA sequences are shown below the figure.
Hes1 SPS and Alternative Mutant Interactions with RBPJ-k
This subsequent EMSA investigates purified RBPJ-k binding purified WT and other
mutant variants (Figure 15). Mutants used in the EMSA are site 2 and 4 NRE mutants
(M2/4), and all site NRE mutants (Mtall). PolydI-dC was not used. Again, the WT and
mutant variants migrate around the expected molecular weight of 50bp. The purified
RBPJ-k protein is interacting with the WT and producing clear shift bands that visualize
two RBPJ-k complexes bound to WT dsDNA. RBPJ-k is also interacting with both
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mutant dsDNA variants. Eliminating both RBPJ-k binding sites still seems to produce
both protein-DNA shift bands (Lane 4), as seen with previous mutant dsDNA. The upper
protein-DNA band in Lanes 4 and 6 are similar in structure to the WT; a visual difference
cannot be identified.
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ACTGTCGACCTGTGGGAAAGAAAGTTTGGGAAGTTTCACACGAGGATCCAGT
ACTGTCGACCTGTCGCAAAGAAAGTTTGGGAAGTTTGAGACGAGGATCCAGT
ACTGTCGACCTTACGCTAAGAAAGTTTAGAAAGTTATATTCGAGGATCCAGT

Figure 15: EMSA of RBPJ-k with Hes1 WT, M2/4, and Mtall dsDNA.
10% EMSA of purified RBPJ-k binding to 400nM purified Hes1 WT (2-4), M2/4,
and MTall, dsDNA. Lanes 1, 3, and 5 contain free probe WT, M2/4, and Mtall
dsDNA, respectively. Lanes 2, 4, and 6 contain WT, M2/4, and MTall dsDNA
respectively, incubated with 600nM RBPJ-k. Lane 7 contains 140ng dsDNA ladder
depicted by the indicated labels. The protein-DNA complexes are depicted by the
arrows. DNA sequences are shown below the figure.
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PolydI-dC Effects on Hes1 SPS and Mutant Interactions with Titrated RBPJ-k
The purpose of this gel is to test Hes1 dsDNA variants with titrating amounts of
RBPJ-k to adjust for KD differences (Figure 16). PolydI-dC was also added to in inhibit
non-specific binding. The mutant dsDNA used in this EMSA (MutAB) has a sequence
and 5’ to 3’ ends that are identical to the site 2/ 4 NRE mutant, which did not shift RBPJk in previously published research (Nam et al., 2007). Both the WT and MutAB dsDNA
variants migrate around the expected molecular weight of 50bp. As before, the purified
RBPJ-k protein is producing clear shift bands when interacting with the WT dsDNA,
causing two different molecular weight protein-DNA complexes. This is similar to the
two complexes seen in the previous EMSAs.
RBPJ-k still seems to be interacting with the new MutAB dsDNA, even when the
protein is titrated from left to right. Although the upper shift band of the mutant in Lane 7
does not seem as intense as the WT in Lane 2, the shift bands have similar structure when
comparing titrated WT (Lanes 3-5) to titrated MutAB (Lanes 8-10). As a result, a visual
difference is difficult to conclude with the “smearing” polydI-dC background. Titration
of the purified protein with MutAB did not produce a significant visual difference from
the WT. This EMSA method may not have enough sensitivity, and other EMSA methods
might allow for a higher sensitivity. If there is any difference, a quantification may reveal
this.
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ACTGTCGACCTGTGGGAAAGAAAGTTTGGGAAGTTTCACACGAGGATCCAGT
GGTTACTGACGCTAAGAAAGTTTGGGAAGTTAGAGTCGAGCCGTTCC

Figure 16: EMSA titration of RBPJ-k with Hes1 WT and MutAB dsDNA.
10% EMSA of purified RBPJ-k binding to 400nM purified Hes1 WT (2-4) (left)
and MutAB (right) dsDNA. Lanes 1 and 6 contain free probe WT and MutAB
dsDNA, respectively. Lanes 2-5 (WT) and 7-10 (MutAB) contain dsDNA
incubated with 600, 300, 150, 80nM RBPJ-k, respectively, and 100ng of polydI-dC
(smearing). Lane 11 contains 140ng dsDNA ladder depicted by the indicated labels.
The protein-DNA complexes are depicted by the arrows. DNA sequences are
shown below the figure.
PolydI-dC Effects on Hes1 Alternative Mutant Interactions with RBPJ-k
To test the alternative mutants that have all NRE sites removed in presence of polydIdC, Mtall and Mtall2 were incubated with RBPJ-k. Mtall is a repeat of all NRE site
mutants, and Mtall2 has the restriction digest overhangs from Mtall removed. MutAB
was tested again for comparison. Mtall2 migrates around the molecular weight of 35bp;
Mtall and MutAB migrate near the expected molecular weight of 50bp, all as expected.
The purified RBPJ-k protein is interacting with the alternative mutants, and clear shift
bands are produced that visualize two RBPJ-k complexes bound to mutant dsDNA, even
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in the presence of polydI-dC. The polydI-dC background may be covering up the upper
shift band, but all mutants seem to have similar binding structure, even when completely
destructing the DNA. With polydI-dC, the upper and lower protein-DNA bands in Lanes
2, 4, and 6 appear to be less intense than previous gels without the non–specific
competitor. However, visual comparisons cannot be made without methods of
quantification.
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ACTGTCGACCTTACGCTAAGAAAGTTTAGAAAGTTATATTCGAGGATCCAGT
GACATTAAGCTAAGAAAGTTTAGAAAGTTATATTCGATCA
GGTTACTGACGCTAAGAAAGTTTGGGAAGTTAGAGTCGAGCCGTTCC

Figure 17: EMSA of RBPJ-k with Hes1 MTall, MTall2, and MutAB dsDNA with
polydI-dC. 10% PAGE EMSA of purified RBPJ-k binding to 400nM purified Hes1
mutants; MTall, MTall2, and MutAB dsDNA. Lanes 1, 3, and 5 contain free probe
MTall, MTall2, and MutAB dsDNA, respectively. Lanes 2, 4, and 6 contain MTall,
MTall2, and MutAB dsDNA, respectively, incubated with 600nM RBPJ-k and
100ng of polydI-dC (smearing). Lane 7 contains 140ng dsDNA ladder depicted by
the indicated labels. The protein-DNA complexes are depicted by the arrows. DNA
sequences are shown below the figure.
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High Salt Effects on Hes1 Mutant Interactions with RBPJ-k
Previous research has shown that the binding affinity of RBPJ-k to Hes1 dsDNA
is decreased in presence of high salt (Friedmann & Kovall, 2010). To test the effect of
high salt concentration on the binding of RBPJ-k to the mutant dsDNA presented in these
studies, MutAB was incubated with RBPJ-k and increasing amounts of NaCl. The
MutAB dsDNA migrates near the expected molecular weight of 50bp.
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Figure 18: EMSA of RBPJ-k and MutAB dsDNA in presence of high salt.
10% EMSA of purified RBPJ-k binding to 400nM purified MutAB dsDNA. Lanes
2, 4, 6 and 8 contain free probe MutAB dsDNA and 0, 100, 200, and 450mM NaCl,
respectively, with 100ng polydI-dC (smearing) and 0.1% NP-40. Lanes 3, 5, 7 and
9 contain MutAB dsDNA and 0, 100, 200, and 450mM NaCl, respectively, with
600nM RBPJ-k and 100ng of polydI-dC (smearing), 0.1% NP-40. Lane 1 contains
140ng dsDNA ladder depicted by the indicated labels. The protein-DNA complexes
are depicted by the arrows. DNA sequence is shown below the figure.
When adding increasing amounts of salt (left to right), both the shift bands are still
present. Even in the presence of polydI-dC, adding higher amounts of salt does not seem
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to change the binding seen. NP-40 is also added to reduce the “smearing” background
seen at the top of the lanes. At the higher amounts of salt (Lanes 7 and 9), the shift bands
should be diminished, as suggested by previous research. As a result, no visual difference
is seen in any of the lanes, although the higher salt amounts appear to skew the dsDNA.
Alternative Hes1 SPS Interactions with RBPJ-k
To investigate whether changing the DNA 5’ to 3’ ends will affect binding, the same
Hes1 SPS DNA ends that were used in the thermodynamic studies of RBPJ-k binding
(Friedmann & Kovall, 2010) were used in this EMSA (Figure 19). SPS and SPSm
dsDNA variants were incubated with RBPJ-k in presence of polydI-dC and NP-40. SPS
and SPSm dsDNA are sized as expected. SPS dsDNA produces two shift bands relating
to the two different RBPJ-K + dsDNA molecular weight complexes. SPSm, with a
mutation in NRE 2, also produces two shift bands; it does not have a visual difference in
comparison to SPS dsDNA and is not different without means of quantification. This may
suggest that the cause of mutant binding to dsDNA seen in this study is a result of
something other than the ends that flank the dsDNA.
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Figure 19: EMSA of RBPJ-k with SPS and SPSm dsDNA.
10% EMSA of purified RBPJ-k binding to 400nM purified single site combination
SPS dsDNA, and single site combination mutant SPSm. Lanes 1 and 3 contain free
unbound SPS and SPSm dsDNA, respectively. Lanes 2 and 4 contain SPS and
SPSm dsDNA respectively, incubated with 0.6µM RBPJ-k. Lanes 1-4 contain
100ng of polydI-dC (smearing) and 0.1% NP-40. Lane 5 contains 140ng dsDNA
ladder depicted by the indicated labels. The protein-DNA complexes are depicted
by the arrows. DNA sequences are shown below the figure.
Alternative DNA Interactions with RBPJ-k
To test binding to other dsDNA sequences not related to the Hes1 promoter, NFKB
and GATA sequences were examined for RBPJ-k binding. In this EMSA, RBPJ-k was
incubated with NFKB and GATA dsDNA (Figure 20). PolydI-dC was also included.
Both NFKB and GATA dsDNA migrate between the expected molecular weights of 2035bp.
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Figure 20: EMSA of RBPJ-k with NFKB and GATA dsDNA.
10% EMSA of purified RBPJ-k binding to 400nM unpurified GATA and NFKB
dsDNA. Lanes 1 and 4 contain free probe GATA and NFKB dsDNA, respectively.
Lanes 2 and 5 contain free probe GATA and NFKB dsDNA, respectively, with
100ng of polydI-dC (smearing). Lanes 3 and 6 contain GATA and NFKB dsDNA
respectively, incubated with 0.6µM RBPJ-k and 100ng of polydI-dC (smearing).
Lane 7 contains 140ng dsDNA ladder depicted by the indicated labels. The proteinDNA complexes are depicted by the arrows. DNA sequences are shown below the
figure.
When RBPJ-k is added to free probe NFKB dsDNA, a shift band can be seen in Lane
3. When RBPJ-k is added to free probe GATA dsDNA, a weaker shift band can be seen
in Lane 6. These sequences do not contain any RBPJ-k binding motifs and theoretically
should not be shifting the dsDNA, especially in the presence of non-specific inhibitor
polydI-dC.
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Hes1 NRE 2 and 4 Single Site Interactions with RBPJ-k
To determine if single site NREs on shorter dsDNA would produce visually different
shift bands, single site dsDNA was used in presence of polydI-dC and also NP-40 to
ensure specific binding. These single sites correspond to the same DNA sequence used in
previous thermodynamic studies of RBPJ-k binding (Friedmann & Kovall, 2010). In this
EMSA, RBPK-k is incubated with single site Hes1 NRE2; NRE4; and mutants NRE2m
and NRE4m (Figure 21). The WT and mutant dsDNA variants migrate near the expected
molecular weight of 20bp. RBPJ-k is interacting with NRE2 and NRE4 dsDNA in Lanes
2 and 4, respectively. This interaction seems to produce a more stable visualized shift
band than what is seen with internal guanine mutants NRE2m and NRE4m in Lanes 6
and 8, respectively. When comparing wild-type sequences to mutants, Lane 2 to Lane 6,
and Lane 4 to Lane 8, a visual difference can be distinguished. The band in the mutant
dsDNA variant is far less intense and thus far less stable, suggesting a disruption in
binding. The lower RBPJ-k + dsDNA WT shift band is conserved, representing the single
binding site seen in previous EMSA figures. The second upper RBPJ-k + dsDNA
complex is not seen with the shorter DNA. However, one must note the minimal amounts
of binding structures are seen with the mutant dsDNAs, and this may relate to the robust
RBPJ-k interactions that were seen in all previous EMSAs.
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Figure 21: EMSA of RBPJ-k and single site Hes1 NRE2, NRE4, NRE2m, and
NRE4m dsDNA. 10% EMSA of purified RBPJ-k binding to 400nM annealed Hes1
single site NRE2, NRE4 dsDNA, and single site mutants NRE2m and NRE4m
dsDNA. Lanes 1, 3, 5, and 7 contain free unbound NRE2, NRE4, NRE2m, and
NRE4m dsDNA, respectively. Lanes 2, 4, 6, and 8 contain NRE2, NRE4, NRE2m,
and NRE4m dsDNA, respectively, incubated with 0.6µM RBPJ-k. Lanes 1-8
contain 100ng of polydI-dC (smearing) and 0.1% NP-40. Lane 9 contains 140ng
dsDNA ladder depicted by the indicated labels. The protein-DNA complex is
depicted by the arrow. DNA sequences are shown below the figure.
Hes1 NRE 3 Single Site Interactions with RBPJ-k
Since the single site NRE dsDNA variants produced a visually significant difference
in Figure 21, this EMSA was conducted to address the functionality questioned through
other NREs not in the SPS. RBPK-k is incubated with single site Hes1 NRE3, again in
the presence of polydI-dC and NP-40 (Figure 22). WT and mutant dsDNA variants
migrate near the expected molecular weight of 20bp. RBPJ-k is interacting with NRE3
dsDNA in Lane 2. When compared to the mutant NRE3m in Lane 4, the protein-DNA
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shift band produced in Lane 2 is more intense and thus stable; a visual difference can be
distinguished. This shows binding activity through NRE3, and again suggests when the
internal guanines are mutated in the NRE, binding structure is lost. Again, the lower shift
band is produced, representing a single binding site. This binding structure and visual
differences are similar to those seen in the other single site, NRE EMSAs (Figure 21).
Likewise, a basal amount of binding structure may be seen through the mutant.
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Figure 22: EMSA of RBPJ-k and single site Hes1 NRE3, and NRE3m dsDNA.
10% EMSA of purified RBPJ-k binding to 400nM of annealed Hes1 single site
NRE3 dsDNA, and single site mutant NRE3m. Lanes 1 and 3 contain free unbound
NRE3 and NRE3m dsDNA, respectively. Lanes 2 and 4 contain NRE3 and NRE3m
dsDNA, respectively, incubated with 0.6µM RBPJ-k. Lanes 1-4 contain 100ng of
polydI-dC (smearing) and 0.1% NP-40. Lane 5 contains 140ng dsDNA ladder
depicted by the indicated labels. The protein-DNA complex is depicted by the
arrow. DNA sequences are shown below the figure.
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Discussion
An attempt to resolve the structural difference in Notch complex formation on the
SPS as opposed to a single NRE was presented in these studies. We confirmed that the
SupT1 nuclear extract contained RBPJ-k (Figure 6); previous papers have also shown
that this cell nuclear extract contains high amounts of Notch (Yatim et al., 2012).
Therefore, this cell nuclear extract would be adequate for our experiments. The SupT1
nuclear extract was first tested for binding to unpurified WT dsDNA (Figure 7). EMSAs
showed that although there is a massive shift of free probe, no distinct shift bands are
produced to identify protein-DNA complexes from the large smear. Even under
optimized conditions, such as the removal of ssDNA (Figures 8, 9), no distinct shift
bands were produced. The smear produced by the shift of free probe indicates binding of
nuclear extract. However, it is very difficult to conduct an analysis that compares SPS to
single NREs when there are no visually distinct shift bands. Adding another NRE site did
not have an effect, and surprisingly, all mutant dsDNA is also shifting. This may suggest
that there are other factors in the SupT1 nuclear extract possibly interacting with the
dsDNA.
Furthermore, the Notch complex is likely too large to be resolved on higherpercentage acrylamide gels with small pores. Even with further optimization using
polydI-dC, proper resolution was not achieved to visualize shift bands that relate to the
Notch complex binding on Hes1 dsDNA (Figure 10). Increasing the gel pore size did not
seem to have an effect either. Although no clear binding structure was resolved from the
SupT1 nuclear extract binding to the Hes1 promoter, the amount of free unbound probe is
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significantly less in Lane 2 when compared to Lane 3 (Figure 10). This suggests that
polydI-dC is added in a sufficient amount to inhibit some non-specific interactions.
Results confirmed positive binding to other transcription factors such as NFKB and
GATA by clear resolved shift bands (Figure 11). These resolved protein-DNA shift bands
are not seen with Hes1 dsDNA. The technique employed in these EMSAs is sufficient to
produce resolved shift bands, as shown by the SupT1 nuclear extract binding to NFKB
and GATA dsDNA. There is a massive shift of Hes1 free probe when incubated with the
SupT1 nuclear extract, suggesting that the Notch complex is binding to Hes1 dsDNA, but
there are no resolved shift bands. There is a possibility that other factors in the nuclear
extract, which may or may not be related to Notch, are attributing to the large shift in free
probe. The polydI-dC background with the SYBR gold stain (black smearing in the lanes)
can also be a limiting factor. To resolve this, a different method of staining, such as
radioactive nucleotide labeling, can be employed to provide more sensitivity.
Incorporating this method with a longer 4% gel matrix with larger pore sizes might allow
for better separation and resolution of the Notch complex.
As the original question of Notch complex binding on the Hes1 SPS cannot be
answered from these experiments, purified protein was employed in order to further
investigate the Notch signaling system. Purified RBPJ-k was tested for its binding to
various Hes1 dsDNA sequences. The three shift bands produced seem to relate to three
different protein-DNA complexes binding the WT dsDNA. When removing the ssDNA,
one of the shift bands is lost with purified Hes1 dsDNA (Figures 12, 13). These RBPJ-k
interactions with ssDNA have never been shown in previous research. The third shift
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band is likely to be attributing to RBPJ-k interacting with the ssDNA, which are novel
results. Previous data have indicated that DNA-binding proteins do bind ssDNA and have
multiple cellular functions (Dickey, Altschuler, & Wuttke, 2013). As a result, this should
be further investigated to see whether RBPJ-k has any functional roles when binding
ssDNA.
With purified Hes1 dsDNA, it seems that two RBPJ-k complexes are binding,
possibly on NRE 2 and 4. When incubating RBPJ-k with NRE 2 or NRE 4 mutants,
surprisingly, there is no difference in the shift bands seen when compared to the WT.
Even when mutating all the NREs in the Hes1 sequence, the same two shift bands are
seen (Figures 14, 15). These results do not comply with previously published data that
have shown the MutAB sequence does not shift (Nam et al., 2007). However, these
precedented results do not show free probe migration, which makes the data less reliable.
This raises the question of whether or not the interactions seen with the mutant dsDNAs
are specific, and whether the purified protein concentration is too high. When adding
polydI-dC to the RBPJ-k and MutAB incubation, results show the same two protein
complexes when comparing the WT to the mutant dsDNA (Figure 16). When titrating out
the mutant dsDNA on the right side of the figure, both shift bands are still seen.
Testing fully destructed Hes1 sequences in the presence of polydI-dC did not affect
RBPJ-k binding. The restriction digest ends from the destructed mutant were also
removed and tested as a binding parameter; no visual difference could be distinguished
(Figure 17). Complete destruction of all the NREs within the Hes1 sequence still shifts
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RBPJ-k, showing similar binding structures with two distinct shift bands even under
optimized conditions.
Previous research has shown that increasing concentrations of NaCl should decrease
RBPJ-k interactions with Hes1 dsDNA (Friedmann & Kovall, 2010). Surprisingly
enough, increasing the reaction concentration of salt by 450mM did not decrease any
binding structures visualized by the shift bands (Figure 18). The higher concentrations of
salt should have started to diminish the RBPJ-k + dsDNA shift bands. This suggests that
the RBPJ-k interactions witnessed may be something for which we are not be able to
control.
Incorporating the same the 5’ and 3’ ends that were used in previous thermodynamic
studies of RBPJ-k (Friedmann & Kovall, 2010) did not produce a difference in shift
bands with the mutant dsDNA, which is an NRE 2 mutant. RBPJ-k was then tested for its
binding to other DNA sequences not related to Hes1. RBPJ-k is weakly binding to both
NFKB and GATA dsDNA (Figures 19, 20). However, only one very light shift band is
seen with these short 20bp sequences. This shows that regardless of the sequence, RBPJk still has some interactions with the longer DNA sequences, which are seen with Hes1
dsDNA. When shortening the DNA sequence, the interaction is decreased.
To address this, single site NRE and the NRE mutants 17bp long were incubated with
RBPJ-k. In the case of the SPS, NRE 2 and NRE 4 binding by RBPJ-k was lost upon
mutation of the internal guanines in the NRE (Figure 21), consistent with previous results
(Friedmann & Kovall, 2010). One of the shift bands was also lost in the WT dsDNA; this
shift band was present in the longer WT sequence with both sites present. This is
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expected, as only one RBPJ-k complex can bind to the single site NRE dsDNA. Similar
binding results were seen when NRE 3 was tested (Figure 22). Upon mutation of the
internal guanines, RBPJ-k binding to NRE 3 was lost. The idea that NRE 3 shows
binding raises an interesting question, as RBPJ-k does bind NRE 3 in vitro. However,
when considering the Notch dimer architecture, steric hindered might not allow the site to
be active in vivo. Previous results have shown that the SPS is required for high promoter
functionality. Mutating NRE 3 did not change promoter functionality, and creating a new
SPS with NRE 2 and NRE 3 in a head-to-head orientation had a decrease in promoter
functionality (Ramos, 2013). NRE 3 has never been shown or identified to have a role in
Notch signaling. Despite its context, NRE 3 did show binding in these results, and this is
important to note for further studies of RBPJ-k.
Combing the single site NREs in a longer SPS dsDNA shows no visual difference.
The same visual binding effect is seen when making the dsDNA longer. It is
hypothesized that the binding to the longer dsDNA mutants by RBPJ-k may be a result of
the purified RBPJ-k protein interacting with the DNA backbone, as the shorter single site
dsDNA showed visual differences. However, it is important to note that in some longer
dsDNA mutants, the NRE 3 binding site was still present. As shown by the result here,
this could have been contributing to the lower molecular weight shift band seen binding
some longer dsDNA mutants.
Previous papers that have shown multiple p53 transcription factors binding to one
DNA sequence have suggested that the proteins are interacting with each other (Kearns,
Lurz, Orlova, & Okorokov, 2016). This may be plausible for p53, as it is known to form
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tetramers. RBPJ-k, however, has never been reported to have such an interaction with
itself, so this can likely be ruled out. It is also important to note that the previous studies,
which show RBPJ-k does not bind to the SPS mutants (Nam et al., 2007), fail to show the
amount of free probe remaining in the shift. Although the binding of RBPJ-k has become
better understood, under these conditions, it becomes very difficult to study the protein.
Although the last reported KD of RBPJ-k was around 1nM, new thermodynamic
studies demonstrate that the KD is actually 100-fold greater at around 100nM. These
studies may explain a lesser affinity of RBPJ-k for DNA. The concentration visualized
here by the mutant variants was slightly above this amount. With the single site dsDNA,
there is a clear difference at 600nM of RBPJ-k, which is more in agreement with the
recent reported KD of 100nM. Other sequences that bind RBPJ-k, such as Hes5, may also
be tested and compared for similarities and differences to Hes1.
These results also show there is an interaction with RBPJ-k and the longer dsDNA
that we cannot control for; this is likely why the Hes1 mutant dsDNA shifted. When
decreasing the size of the dsDNA, we are able to a see a difference in binding structures.
This may suggest that RBPJ-k may be a more promiscuous DNA-binding protein than
once thought. Based off the purified protein EMSAs, it may be worthwhile to also test the
SupT1 nuclear extract with a shorter single site NRE dsDNA that was used with the
purified protein, as this may help provide resolved shift bands.
It may be effective to try and control for the other factors binding to Hes1 dsDNA
with increased amounts of salt in the reaction mixture, as a high salt content has been
shown to decrease protein-DNA interactions. Any unwanted interactions with the SupT1
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nuclear extract may be decreased, and this may also provide resolved shift bands. Other
methods can also be tried that do not involve EMSA, such as a biotinylated dsDNA
pulldown with the SupT1 nuclear extract. Taken together, the difference in structural
recruitment of the Notch protein on the SPS versus single NREs on Hes1 needs to be
further investigated.
Nevertheless, these results confirm that NRE 2 and NRE 4 of the SPS are required for
RBPJ-k binding. Single site dsDNA reveals that the mutation of the internal guanines in
in NRE 2, 3, and 4 reduces RBPJ-k binding and produces a significantly different amount
of protein-DNA binding structure, which is consistent with the mutations that decreased
promoter functionality (Ramos, 2013). Although these internal guanines may not be the
only important factors in RBPJ-k binding to its target sequence, they do contribute to a
significant amount of binding seen by RBPJ-k. The base pair in between the internal
guanine can also represent an important binding factor, as recent results have identified
that it has some effect on the binding of RBPJ-k and should be expanded upon
(Friedmann & Kovall, 2010).
Mutating the internal guanines in the SPS of the Hes1 gene has been shown to
decreases promoter functionality. Here we confirm the structural reduction in RBPJ-k
bound to DNA as a result of mutating the internal guanines in the single site NREs. The
recruitment of proteins by the NICD-RBPJ-k-MAM ternary complex on the SPS sites has
yet to be fully understood. The binding activity of RBPJ-k to ssDNA as well as NRE 3
may suggest there is more information that needs to be uncovered about the protein’s
selectivity. Alternatively, new research should focus on investigating structure-function
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relationships of the SPS and NREs. Providing more information on these topics will aid
in our understanding of the Notch pathway and will ultimately provide a target for
revolutionary therapeutics in modern medicine. The question about the structural
difference of a single, unpaired Notch activation complex as opposed the Notch dimer
complex formed on the SPS still remains unanswered. Further studies will be crucial in
identifying proteins that may be recruited in vivo by high activation promoters.
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